Background: We utilized data from the Health Effects of Arsenic Longitudinal Study (HEALS) in Araihazar, Bangladesh, to evaluate the association of steamed rice consumption with urinary total arsenic concentration and arsenical skin lesions in the overall study cohort (N=18,470) and in a subset with available urinary arsenic metabolite data (N=4,517).
Introduction
Rice has been implicated as a dietary source of arsenic (As) exposure [1, 2] particularly in South and Southeast Asian countries where rice constitutes the primary source of caloric intake [3] . Rice arsenic concentrations vary widely depending on the rice cultivars and arsenic concentration of water used in irrigation [4] . The speciation (organic versus inorganic) of arsenic in rice varies greatly depending on the variety of rice and on geographical variation [5, 6] . In Bangladesh, the primary type of arsenic found in rice is inorganic arsenic (InAs), which is readily absorbed in the blood stream [5, 7, 8] . Inorganic arsenic is a class I human carcinogen and has been linked to adverse health outcomes including cancers, cardiovascular disease and skin lesions in several exposed populations worldwide, including Bangladesh [9] [10] [11] [12] [13] [14] [15] . Inorganic arsenic, once consumed, undergoes metabolic changes into monomethyl arsonate (MMA) and dimethyl arsenate (DMA).
The distribution of urinary arsenic metabolites varies from person to person [16, 17] and inter-individual variability in the distribution of arsenic metabolites may potentially be impacted by a variety of host, genetic and dietary factors [4, 7, 18] . Multiple studies have documented presence of inorganic arsenic in rice grains grown, sold and consumed in different parts of the world [6, 7, [19] [20] [21] .
Two recent small studies investigated associations between rice intake and urinary arsenic in humans [4, 22] . The first study, assessing the impact of rice consumption and urinary arsenicals among multiethnic residents in the United Kingdom, found that the median values for urinary As metabolites were higher in UK residents of Bangladeshi origin (which were also reported to have higher rice consumption) as compared to white Caucasians [22] . The second study, conducted in the United States, showed a positive association between rice consumption and total urinary arsenic concentration in a sample of 229 pregnant women [4] , indicating that rice consumption should be considered in arsenic reduction strategies in the US and potentially worldwide [4] . However, this study was limited to women with a narrow range of drinking water arsenic concentrations (≤0.07~100 μg/L).
Studies of rice consumption in areas such as Bangladesh have shown that rice cultivated using groundwater contaminated by high levels of arsenic often contains relatively higher amounts of arsenic, most of which is found in its more toxic inorganic form [7, 18] . Researchers have also modeled the contribution of rice consumption to the dietary intake of arsenic in Bangladesh, where rice is a subsistence food, and have shown that rice is likely to be a major source of dietary arsenic intake for these populations, particularly for populations with low exposure to arsenic via drinking water [5, 7, 18] .
The Health Effects of Arsenic Longitudinal Study (HEALS) was initiated in 2000 to prospectively investigate the relationship between chronic arsenic exposure and adverse health outcomes in a population chronically exposed to arsenic via contaminated drinking water. In this study, we evaluated the association of steamed rice consumption, assessed by a validated food frequency questionnaire, with urinary total arsenic in the overall HEALS cohort (N=18,470) and with urinary arsenic metabolites in a subset of the cohort (N= 4,517) from a well-defined geographic region of rural Bangladesh. We also evaluated the impact of steamed rice consumption on arsenic related health outcomes by investigating associations with prevalent and incidence skin lesions in this population.
Materials and Methods

The Health Effects of Arsenic Longitudinal Study (HEALS)
Participants for this study were a part of HEALS, which is a prospective cohort study of a population-based sample of adults in Araihazar, Bangladesh. Detailed information on study methodology and sampling has been previously described [14] . In short, a sampling frame was created by collecting water samples, geographic data, and basic demographic information on the users of 5,966 contiguous wells in a 25 sq-km study area [23] . Between October 2000 and May 2002, 11,746 married individuals aged 18 to 75 were recruited for inclusion in the cohort. Participants underwent standardized interviews administered by trained study physicians that collected information regarding demographic characteristics, diet and well water consumption. Subsequently, an additional 8,287 individuals were recruited during 2006-2008 using the same study methodologies. Study physicians also conducted physical examinations to detect the presence of any arsenicrelated skin lesions or symptoms of other related health outcomes. In addition to the interview data, study personnel collected urine and blood samples from participants in their homes, according to a structured protocol [14] . Follow-up for this cohort is ongoing. Physical examinations and structured questionnaires are administered biennially subsequent to enrollment by trained physicians following the same procedures as the baseline examinations.
Ethics Statement
Informed consent procedures have been described previously [12] . Oral consent was obtained from study participants in the presence of a witness for their information to be stored in the University of Chicago and Columbia University hospital database and used for research. Study data is available for research purposes upon request. Consenting procedures were administered orally in their native language and documented by interviewing physicians and a witness. The study and consent procedures were approved by the Ethical Committee of the Bangladesh Medical Research Council and the Institutional Review Boards of Columbia University and the University of Chicago.
Dietary Intake of Rice
Dietary intakes of rice were assessed by trained interviewers at baseline using a validated 39-item food frequency questionnaire (FFQ) that was designed for and validated in the HEALS population [24] . Total energy intake was estimated using the US Department of Agriculture (USDA) National Nutrient Database for Standard Reference [25] . Average consumption of each food item in grams per day was calculated for each of the validated FFQ items. The primary source of rice intake for the population was steamed rice. Data for puffed rice and water rice consumption were also available for this population, however results were qualitatively similar to steamed rice, and are therefore not presented here.
Measurement of urinary total arsenic and arsenic metabolites
Among the 20,003 participants, 19,309 participants provided a spot urine sample at baseline. All 19,309 urine samples were analyzed for urinary total arsenic and urinary creatinine, which was used to adjust for urine dilution. A random subset of these individuals were selected for further analysis of urinary arsenic metabolites (N=4,814). After collection, urine samples were stored in coolers until their transfer to -20°C freezers and were batch shipped from the study site on dry ice to Columbia University for analysis. Urinary total arsenic concentration was measured via graphite furnace atomic absorption using the Analyst 600 graphite furnace system (with a detection limit of 2 µg/L). Urinary creatinine was analyzed using a method based on the Jaffe reaction and was used to adjust urinary total arsenic concentration for urine dilution [26] .
Urinary arsenic metabolites were measured utilizing a method previously described by Reuter et al [27] , which uses high-performance liquid chromatography separation of arsenobetaine, arsenocholine, As V , As III , MMA and DMA followed by detection by inductively coupled plasma-mass spectrometry with dynamic reaction cell. MMA and DMA exist in two different valence states; however, we did not attempt to distinguish the valence in this study. Additionally, because As III can oxidize to As V during sample transport, storage and preparation, we express As III + As V as total inorganic arsenic (InAs). The percentage of InAs, MMA, and DMA in urine was calculated after subtracting arsenobetaine and arsenocholine from the total [27] .
Assessment of water arsenic and other covariates
Well water arsenic concentrations of all of the tube wells assessed in the study were measured using laboratory-based methods previously described [28, 29] . Briefly, water arsenic concentrations were measured using graphite furnace atomic absorption spectrometry with a detection limit of 5 µg/L. Samples below the limit of detection were subsequently reanalyzed by inductively coupled plasma mass spectrometry with a detection limit of 0.1 µg/L [28] . At baseline, participants were asked to identify the well used as their primary source of drinking water. Corresponding well water arsenic exposure was subsequently assigned based on this response.
All covariate data was derived from the baseline interview. Sociodemographic and lifestyle factors included age (continuous years), gender, smoking status (never, current, former), quintiles of well water arsenic concentration, years of education (continuous), skin lesion status (yes/no) and total daily water consumption (mL/day continuous). Body mass index (BMI; weight (kg)/height 2 (m 2 )) was derived from measured height and weight at baseline. Standard international cutoff points were used to classify participants into underweight (<18.5), healthy weight (18.5-24.9) , and overweight (≥25.0) categories. Well water cutoff points for the first and second well water arsenic concentration quintiles at baseline were adjusted to correspond to the WHO's guideline for arsenic in drinking water (≤10 μg/L) and the national standard for arsenic in drinking water in Bangladesh (≤50 μg/L), respectively. An indicator for study cohort was also included as a covariate in each analysis.
Skin lesion assessment
Ascertainment of skin lesions in HEALS is described in detail elsewhere [14] . Briefly, a structured protocol was used to ascertain skin lesions by the study physicians who had undergone training for the detection and diagnosis of skin lesion. The study physicians examined each subject and recorded presence or absence of skin lesions in each body segment at baseline, location of skin lesions, and their size and shape at baseline (prevalent skin lesions) and each biennial follow-up visit (incident skin lesions).
Exclusions and Eligibility
Among the 20,033 participants overall and the subset of 4,814 with urinary metabolites, only those with available information regarding all outcomes (urinary total arsenic, urinary arsenic metabolites and skin lesions), steamed rice consumption and covariates were included in the analysis. This resulted in 18,470 participants in the overall population and 4,517 in the urinary metabolites subset eligible for these analyses. The overall population included 835 individuals with prevalent skin lesions at baseline and 886 individuals with incident skin lesions across all follow-up visits.
Statistical Analyses
The associations between the steamed rice intake and logtransformed arsenic (to approximate a normal distribution) were estimated using generalized linear models with standardized (having a mean of 0 and standard deviation of 1) beta coefficients. Separate models were utilized to evaluate this relationship for creatinine adjusted urinary total arsenic (μg/g), urinary total arsenic (μg/g) (with statistical adjustment for creatinine), DMA%, MMA%, InAs%, MMA (μg/L), DMA(μg/ L) , and InAs (μg/L). Initial analyses were sex, age and cohort adjusted. Multivariate models were additionally adjusted for BMI, water arsenic intake, skin lesion status, smoking, total caloric intake and total water consumption per day. Associations between tertiles of steamed rice intake and urinary total arsenic (with and without statistical adjustment for creatinine) were also evaluated using multivariate models.
Steamed rice values were subsequently utilized to evaluate multiplicative interaction with gender and well water arsenic concentration in relation to urinary total arsenic and metabolites. For the purposes of interaction analyses, well water arsenic concentration was dichotomized into two categories representing less than and greater than the national standard for arsenic in drinking water in Bangladesh (50 μg/L). Multiplicative interaction was implemented by including a crossproduct term of the standardized linear rice intake variable and the binary gender or water arsenic variable in the fully adjusted model. The p-value corresponding to this cross-product term was interpreted as the p for interaction.
We also evaluated the association between steamed rice intake and both prevalent and incident skin lesions in the overall cohort. Logistic regression models were used to estimate prevalence odds ratios and their 95% CIs for the associations between rice intake and prevalent skin lesions at baseline. Discrete time hazard models were used to estimate discrete time hazard ratios and their 95% CIs for the associations between rice intake measured at baseline and incident skin lesions identified at each biennial follow-up examination [30] . Discrete time hazard is defined here as the probability that an individual will develop a skin lesion in each biennial follow-up cycle, conditioned on that individual having been lesion free at the previous study interval. The conditional probability of a new lesion was estimated using a log-linear model with a different intercept for each follow-up wave, but common regression coefficients across all waves. Participants who did not develop skin lesions were censored at the third biennial follow-up or at the time of last skin examination. For the purposes of these analyses, once an individual was censored, there was no re-entry into the analysis cohort. Multivariate models utilized both standardized coefficients and tertiled steamed rice intake (based on the distribution of steamed rice intake at baseline). These models were stratified by a higher baseline well water arsenic concentration (<100 μg/L and ≥ 100 μg/L) due a limited number of reported deaths in individuals with < 50 μg/L. All analyses were conducted using Stata version 11 (Stata Corporation, College Station, Texas).
Results
The distribution of socio-demographic characteristics and rice intake for the overall study population (N=18,470), as well as stratified by urinary arsenic categories, are shown in Table  1 . In the overall population, over 50% of the participants had a well water arsenic exposure of <50 µg/L, and mean well water arsenic concentration increased with increasing categories of urinary arsenic. Among individuals in the lowest category of urinary total arsenic (<37 µg/L) approximately 64% also fell into the lowest category of water arsenic concentration. Similarly, 38% of individuals with the highest urinary total arsenic (> 205 µg/L) fell into the highest category of water arsenic concentration. Distributions of the remaining covariates and rice consumption measures remained relatively consistent across all quintiles of urinary total arsenic. Similar distributions were observed for the urinary metabolites subset (N=4,517) shown in Table 2 . In general, mean water arsenic concentration and age were slightly higher in the urinary metabolites subset compared to the overall population, while steamed rice consumption and years of education were slightly higher in the overall population compared to the subset with metabolite data.
Linear regression analyses evaluating the associations between consumption of steamed rice in relation to urinary total arsenic and urinary metabolites in the overall and subset populations are summarized in Table 3 . Standardized coefficients are reported from each model and represent one standard deviation increase in intake. After multivariate adjustment, steamed rice intake was positively associated with creatinine-adjusted urinary total arsenic μg/g (β=0.041, 95% CI: 0.032-0.051) and urinary total arsenic µg/L with statistical adjustment for urinary creatinine in the model (β=0.043, 95% CI: 0.032-0.053) in the overall population. Similar associations were observed for steamed rice intake in relation to creatinine adjusted urinary total arsenic and urinary total arsenic with statistical adjustment for creatinine in the subset population. Additionally, positive associations were observed for DMA µg/L (β=0.044, 95% CI: 0.008-0.080) and InAs µg/L (β=0.049, 95%CI: 0.013-0.085) in the sex-, age-and cohort-adjusted models, but these associations did not persist after full adjustment in multivariate models. InAs%, MMA% and DMA% were not significantly associated with steamed rice consumption measures and therefore these results are not presented here. Associations between tertiles of steamed rice intake and urinary total arsenic (creatinine adjusted and with statistical adjustment for creatinine) were consistent with the results from the linear models in the overall population ( Table  4) .
Effect modifications of the associations between steamed rice intake and urinary total arsenic and metabolites were evaluated by gender and well water arsenic concentration. No significant interactions for steamed rice consumption with either gender or well water arsenic concentration (dichotomized as <50 µg/L and ≥50 µg/L) were observed in this population ( Table 5) .
The associations for prevalent and incident skin lesions in relation to steamed rice intake are shown in Table 6 . Among individuals with well water arsenic concentration <100 µg/L, a significant association between steamed rice intake and prevalent skin lesions was observed (P-trend=0.007). Similarly, a marginally significant association between steamed rice intake and incident skin lesion was observed among individuals with lower well water arsenic concentration.
Discussion
In this large population-based study, we observed significant associations of steamed rice intake with urinary total arsenic and creatinine-adjusted urinary total arsenic in a Bangladeshi population, for whom rice is the single major staple food. These findings suggest that the population of Bangladesh (and potentially other countries) with known exposure to arsenic through drinking water may be additionally exposed to arsenic through rice consumption, even after taking into account individual arsenic exposure via drinking water.
A small study by Cascio et al. assessing the impact of rice consumption and urinary arsenicals among UK residents found that the median values for urinary metabolites were higher among residents of Bangladeshi origin as compared to their Caucasian counterparts [22] . This Bangladeshi population was also reported to have higher rice consumption than the white Caucasian population, suggesting that rice consumption contributed to arsenic exposure in this group. The study also showed that the sum of medians of DMA, MMA and InAs for the Bangladeshi group was over 3-fold higher than for the Caucasian group [22] . A recent small US study (n=229) conducted among pregnant women found an association between rice intake and urinary arsenic, suggesting that individuals in the US may be exposed to potentially harmful levels of arsenic exposure through consumption of rice [4] . Arsenic concentrations in drinking water (household tap water) for the pregnant women in this study ranged only from <0.07 µg/L to approximately 100 µg/L [4] . The present study evaluates these associations in over 18,000 individuals with data regarding urinary total arsenic, and over 4,500 individuals with data regarding urinary arsenic metabolites. Rice constitutes the single most important contributor to individual caloric intake in Bangladesh, and this population is ubiquitously exposed to a wide range of arsenic concentrations via drinking water. Therefore, the present study was able to more fully and comprehensively isolate the potential dietary contribution to arsenic exposure.
The importance of the association between rice consumption and urinary excretion of arsenic metabolites is dependent on Arsenic Exposure via Rice Consumption PLOS ONE | www.plosone.orgthe bioavailability (retention, transport and uptake) of arsenic from rice. Inorganic arsenic species are readily disseminated into the blood stream [5, 7] , and recent studies have shown high bioavailability of inorganic arsenic from cooked rice (>90%) [31] . Studies have investigated the bioaccessibility of arsenicals in rice and measurement of urinary arsenicals within the context of in vitro as well as in vivo and observational studies [32] [33] [34] [35] .
Urinary total arsenic is a biomarker of individual arsenic exposure [36] and represents the amount of arsenic from all sources (diet, water, soil, etc) that is ingested and excreted. A 2009 study utilizing NHANES data suggests that the U.S. population is not only exposed to arsenic through the consumption of various foods, including fruit juices, vegetables and rice, but that the US population is more exposed to arsenic via food sources than from drinking water, due to the relatively low arsenic concentrations of the drinking water supply [35] . The results of the present study suggest that even after taking into account exposure to arsenic via drinking water, which is high in the population in question, steamed rice intake is significantly associated with urinary total arsenic after adjustment for creatinine, suggesting that rice intake significantly contributes to individual arsenic exposure in this population. These results are consistent with prior studies that suggest the presence and species of arsenic in cooked rice [20, 21] .
The results of the present study also have important implications regarding the health outcomes of this Bangladeshi population. Analysis investigating the association between rice consumption and skin lesions suggests that arsenic concentration in rice plays a key role in overall arsenic exposure, particularly for individuals with low arsenic exposure Arsenic Exposure via Rice Consumption PLOS ONE | www.plosone.orgfrom drinking water. For these individuals, a greater proportion of their overall arsenic exposure is derived from rice intake. While high doses of arsenic via drinking water may overshadow the potential impact of arsenic exposure through rice, individuals with low baseline exposure may be put at increased risk for adverse health outcomes due to arsenic exposure from rice. Evidence for this association was stronger in the casecontrol analysis of skin lesion prevalence as compared to the discrete time hazards models of skin lesion incidence. The attenuated effect for prospective analysis of skin lesion incidence can potentially be attributed to reduced power or misclassification for detecting incident skin lesions. Incident skin lesions detected during follow-up were likely to be less severe than prevalent skin lesions identified at baseline. Therefore, if some of the milder, incident lesions were not detected as incident skin lesions, then misclassification in this instance may have led to an attenuated association between rice consumption and incident skin lesions. It is also potentially due to the long-term beneficial effect of the nutrients in rice on skin lesion risk. A previous study has suggested that dietary intake of methionine, cysteine and protein resulted in increased urinary excretion of arsenic, taking into account arsenic exposure via drinking water, presumably through improved arsenic methylation [37] . While this cannot be evaluated within the scope of the present analysis, several smaller scale studies have suggested that increased levels of arsenic excretion may not necessarily equate to better metabolism of arsenic [4, 22, 38] . The impact of individual nutrient intake on arsenic methylation and excretion is an important area for future evaluation. In addition to the large sample size and wide dose range of the study population mentioned above, this study has several strengths. First, nearly 100% of this population regularly consumed steamed rice. This, coupled with a virtually ubiquitous exposure to arsenic via drinking water makes it possible to isolate the contribution of arsenic from rice. Secondly, this study population has also been systematically evaluated for arsenic related health outcomes, primarily skin Table 3 . Associations between steamed rice intake and urinary arsenic measures for total population (18, 470) and for subset with metabolites data ( N=4,517). Table 5 . Associations between steamed rice intake and urinary arsenic measures, stratified by sex and water arsenic intake for overall cohort (N=18,470) and subset with urinary arsenic metabolites data (N=4,517). lesions, allowing for the evaluation of the potential impact of rice consumption on these outcomes. Finally, this study utilized a validated FFQ. This study instrument contains the food items most commonly consumed by this Bangladeshi population, and therefore, information regarding rice intake was readily available.
While the study has several strengths, there are also notable limitations. Despite available data regarding the intake of other food items that could act as possible sources of arsenic exposure, such as fish and vegetables, this paper did not include assessment of associations between the intake of these food items and urinary total arsenic or the excretion of arsenic metabolites. The population utilized in this study is a largely rural and resource poor population with highly variable and seasonal nutritional intake. Their intake of animal proteins and vegetables are generally low. Additionally, there have been extensive studies suggesting high bioavailability of inorganic arsenic in rice [2, 8, 31] which is considered to be more toxic than the organic form [18] . Elevated levels of arsenic have been detected in fish and seafood, however several studies have reported these to be of the less toxic, organic, species [39] [40] [41] . While there is evidence to suggest the bioavailability of inorganic arsenic in plant tissues, this association is less well characterized as are methodologies for arsenic speciation in plant tissues [42] . Understanding potential arsenic exposure through other food items however, is an important area of future research.
The measurement of arsenic exposure in this population is also limited. Arsenic exposure via rice can potentially be due to water utilized during food preparation and cooking for which we do not have accurate information. Secondary sources of water arsenic exposure outside the primary well were also not considered in this analysis. Arsenic measurements from rice were not available in the scope of the present study. Additionally, we were not able to provide quantitative estimates of the exposure and the variation in exposure to arsenic via rice by geographic regions, type or source of rice, or methods of cooking. Another limitation of this study is that FFQ data measures average diet and does not accurately measure the actual nutritional intake of the individuals. Despite this limitation however, FFQ data is successful in ranking study participants relative to each other regarding exposure. Finally, it is possible that there are discrepancies between intake at the time of interview and urine sample collection and the reported average dietary intake, due to factors such as seasonal variability.
The health effects of arsenic exposure through drinking water are well characterized; however, the health effects of arsenic exposure through food sources are much less wellunderstood. Understanding the amount of arsenic that this population is exposed to via food is critical in controlling adverse health outcomes related to arsenic toxicity in this population and other populations worldwide. Future research is necessary to understand the impact of arsenic exposure from food on specific health outcomes.
